, and 21.46% and 54.65% (MIX3), respectively. As the PDEAEMA/PCL content increased, the drug loading content decreased, which was further confirmed by dissipative particle dynamics (DPD) simulations. The results indicate that the mixed micelles developed in this study might have some advantages in improving the drug loading capacity of the polymers. The drug release profiles demonstrate that the mixed micelles have excellent ability for the controlled release of DOX, suggesting great potential for application of the micellar systems in drug delivery, especially in the area of pH-targeted tumor treatment.
Introduction
As a new type of drug carrier, nanoscopic polymeric micelles formed by amphiphilic polymers have played signicant roles in drug delivery systems because they can encapsulate hydrophobic drugs in their hydrophobic core and thus alter the pathways of drug biocirculation, increase the amount of agent delivered to target cells, and afford a high drug efficacy with low side effects. [1] [2] [3] [4] [5] [6] For the delivery of an anticancer drug, successful polymeric micelles should not only remain stable in normal tissues and blood with little or no drug release, but also release the drug with high speed in tumor tissues. Consequently, the development of stimuli-responsive drug-loaded polymeric micelles to control the release of drug has been rapidly impelled in recent years. [7] [8] [9] [10] [11] [12] Especially, pH-responsiveness is still one of the most signicant stimuli-responsive strategies used for tumor-targeting owing to the fact that there is a clear pH difference between the cellular media of tumor (pH 5.0) and normal tissue (pH 7.4).
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Generally, pH-responsive polymers, such as poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA), poly(N,N diethylaminoethyl methacrylate) (PDEAEMA), and poly(b-amino ester) (PAE), are types of polymers with pK b values for conjugate acid of about 7. These pH-responsive polymers can easily change their conformation upon pH variation from a hydrophobic state at high pH (pH > pK b ) to a hydrophilic state at low pH (pH < pK b ), which provides considerable potential for application in tumor pH-targeted drug delivery. Among them, PDEAEMA is a brush pH-responsive polymer with a pendant tertiary amine as its responsive group and pK a of about 6.9, and has been successfully used in anticancer drug delivery systems in the form of diblock, triblock or even more complex amphiphilic polymeric micellar structures.
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However, the drug loading efficiency and well-controlled drug release of these polymers still need to be improved. Especially, suitable methods to enhance the drug loading content (LC) and drug entrapment efficiency (EE), and at the same time, achieve pH-targeting drug release with a low initial burst release are urgently required. On one hand, in order to form stable micelles in aqueous solution, a certain proportion of hydrophilic polymer block is required for combination with the pH-responsive DEAEMA block. On the other hand, to obtain the desired pH-responsive release performance, a sufficient amount of DEAEMA groups in the polymer is required. At the same time, to avoid immediate drug release when the PDEAEMA block changes its conformation from the hydrophobic state to hydrophilic state as the pH decreases, a certain amount of other hydrophobic blocks with no pH-responsive ability is also required. However, to obtain a single polymer that self-assembles into traditional pH-responsive polymeric micelles for a well-controlled drug release performance, complicated molecular structures and synthetic procedures are required. 24 Furthermore, the drug loading content of amphiphilic polymer micelles is limited with an increase in the total hydrophobic block because a decrease in the percentage of hydrophilic block may cause hydrophilic shell thinning and instability for drug encapsulation.
Recently, the combination of two or more species of block polymers, which results in multifunctional mixed micelles, is a straightforward and potent strategy that has aroused great interest. 25, 26 First, block polymers are much easier to tailor by controlled radical polymerization techniques compared to single multicomponent polymers. 27 Second, the properties of mixed micelles, such as stability, particle size, pH-responsiveness, high drug loading capacity, and well-controlled drug release, could be readily tuned by simply changing the ratios of two block polymers or altering similar substitutes.
In this work, in order to avoid the synthesis of polymers with complicated structures, simplify the synthetic steps, and improve the drug loading content as well as pH-dependent release performance, we develop mixed micelles formed by two diblock polymers for anticancer drug delivery instead of single multicomponent polymer micelles. Firstly, we synthesize two well-dened diblock amphiphilic polymers, poly(ethylene glycol) methyl ether-b-poly(N,N diethylaminoethyl methacrylate) (MPEG-PDEAEMA) and poly(ethylene glycol) methyl etherb-polycaprolactone (MPEG-PCL), and then used their mixture to self-assemble pH-responsive mixed micelles. In these micelles, both MPEG-PDEAEMA and MPEG-PCL contain MPEG, which is a well-known non-immunogenic, non-antigenic and non-toxic biomaterial, as their hydrophilic block, which might improve the compatibility of the two polymers and distribute on the surface of the self-assembled micelles, thus providing a compact steric protective layer to maintain the stability of the micelles in the biological circulation. The brush structure of the PDEAEMA block, which is a good potential polymer for tumor pH-targeting and biodegradable material, served as the pH-responsive block, which could improve the pHresponsiveness of the micelles to the environment. The hydrophobic PCL block, also well known for its biocompatibility and biodegradability, functions to diminish the immediate release of the micelles in acid conditions. Inside the micelles, the pHresponsive PDEAEMA and the hydrophobic PCL blocks mix together to provide an expanded space to load hydrophobic anticancer drug, thus improving the drug loading content of the micelles. Doxorubicin (DOX), an extensively used anticancer drug, is employed as a model drug, which is encapsulated in the mixed micelles via the dialysis method. A schematic of the selfassembly and pH-dependent drug release from the mixed polymeric micelles in aqueous solution is shown in Fig. 1 . The hydrophobic interaction, which is ascribed to the PCL-PCL, PCL-PDEAEMA, PDEAEMA-PDEAEMA chains, leads to the formation of self-assembled mixed micelles. In the neutral environment of pH 7.4, the DOX-loaded mixed micelles maintain a tight and stable structure with little drug release, whereas in the tumoral weakly acidic conditions of pH 5.0, the encapsulated DOX could be released at an accelerated rate since the protonation of PDEAEMA leads to the swelling and disintegration of the micelles. In this work, the preparation and characterization of the polymers MPEG-PDEAEMA, MPEG-PCL, and their mixed micelles, and DOX loading content and drugrelease performance of the mixed micelles are investigated in detail.
Materials and methods

Materials
Methyl poly(ethylene glycol) (MPEG-OH, Mn ¼ 5000, AR), 3-caprolactone (3-CL, 99%), and N,N-diethylaminoethyl methacrylate (DEAEMA, 98%) were obtained from Sigma-Aldrich (Germany). Triethylamine (TEA, 99%, Sigma-Aldrich), toluene (Sigma-Aldrich), and tetrahydrofuran (THF, Sinopharm) were dried over CaH 2 and distilled under nitrogen using benzophenone as a dryness indicator. 2-Bromoisobutyryl bromide (98%) and pentamethyldiethylenetriamine (PMDETA, 99%) were purchased from Alfa Aesar (Switzerland). Doxorubicin hydrochloride (DOX$HCl) was provided by Wuhan Yuancheng Gongchuang Technology Co. Ltd. and hydrochloric acid removed before use. Pyrene (99%), cupric bromide (CuBr 2 ), dimethyl sulfoxide (DMSO), stannous octoate (Sn(Oct) 2 ), and all other reagents were used without any further treatment.
Characterizations and measurements
1 H NMR spectra were obtained on a Bruker AVANCE III 400 spectrometer operating at 400 MHz using CDCl 3 as the solvent and tetramethylsilane (TMS) as the internal standard. Molecular weight (M n ) and dispersity index (M w /M n ) were determined by gel permeation chromatography (GPC) on an Agilent 1200 GPC equipped with an LC quant pump, polar gel columns in series, and refractive index detector, which was calibrated with a set of monodisperse PS standards using HPLC grade THF as the mobile phase at a ow rate of 1.0 mL min À1 at 30 C. The critical micelle concentration (CMC) of the MPEG-PDEAEMA and MPEG-PCL mixture was determined using a Hitachi F-4500 uorescence spectrophotometer with an emission wavelength of 373 nm, bandwidth of 0.2 nm and scanning wavelengths of 350-550 nm using pyrene as the uorescence probe. The particle sizes, polydispersity index (PDI) and zeta potentials of the blank and DOX-loaded mixed micelles were measured via dynamic light scattering (DLS) with a Malvern Zetasizer Nano-S instrument. The morphology of the DOX-loaded mixed micelles was investigated via scanning electron microscopy (SEM, LEO 1530 VP, Germany). Before observation, the sample was xed on an aluminum stub as a thin lm and coated with gold.
Synthesis of MPEG-PDEAEMA and MPEG-PCL diblock copolymers
(1) The diblock pH-responsive amphiphilic polymer MPEG-PDEAEMA was synthesized via activator regenerated by electron transfer atom transfer radical polymerization (ARGET ATRP) of DEAEMA using MPEG-Br as the macroinitiator. MPEG-Br was synthesized using the following procedure. First, MPEG-OH (5 g, 0.1 mmol) and anhydrous THF (30 mL) were added successively to a 100 mL ame dried Schlenk ask equipped with a magnetic stirring bar under nitrogen. Aer the polymer dissolved, an excess amount of TEA (0.42 mL, 0.3 mmol) was added and then the mixture was cooled to 0 C in an ice bath.
Subsequently, 2-bromoisobutyryl bromide (0.37 mL, 0.3 mmol) was injected dropwise into the stirred mixture. Aer reaction for 2 h, the mixture was warmed up to room temperature and le to stir for 24 h. Subsequently, the mixture was passed through a neutral alumina column to remove the quaternary ammonium salts, and then precipitated by cold n-hexane, ltered and nally collected by distillation under reduced pressure for 48 h to obtain MPEG-Br. In another 100 mL dry Schlenk ask equipped with a magnetic stirring bar, MPEG-Br (5.2 g, 0.1 mmol) and CuBr 2 (2.78 mg, 0.012 mmol) were added under nitrogen. Then anhydrous toluene (20 mL), monomer DEAEMA (4, 7 and 10 mL, 2, 3.5 and 5 mmol) and ligand PMDETA (75 mL, 0.32 mmol) were added in sequence using degassed syringes. Aer stirring for 10 min, an Sn(Oct) 2 (103 mL, 0.32 mmol) solution in 1 mL toluene was added. Then the ask was placed in an oil bath, heated to 65 C, and maintained for 12 h. Aer the reaction, the ask was removed from the oil bath and cooled to room temperature. The mixture was slowly poured into 20 mL THF and passed through a neutral alumina column to remove the catalyst. Aer removing the THF by vacuum rotary evaporation, the remaining mixture was slowly added to cold n-hexane and precipitated, ltered and nally dried under vacuum at 45 C for 48 h to obtain three diblock MPEG-PDEAEMA polymers.
(2) Diblock polymer MPEG-PCL was synthesized by the ring opening polymerization (ROP) of 3-CL using MPEG-OH as the macroinitiator. The typical synthetic procedure is described as follows. MPEG-OH (2.5 g, 0.05 mmol) and 3-CL (8.5, 12.7 and 17 mL, 2, 3 and 4 mmol) were placed in a dry 150 mL round bottom ask with a magnetic stirring bar. The ask was placed in an oil bath at room temperature, and then evacuated and ushed with nitrogen three times. Anhydrous THF (20 mL) and Sn(Oct) 2 (182 mL, 0.1 wt% 3-CL) were added dropwise into the ask under nitrogen and stirred for 15 min, and then the reaction was carried out at 80 C for 24 h. Aer the reaction, the THF was removed by vacuum rotary evaporation, and then the remaining mixture was slowly added dropwise to cold n-hexane to precipitate the product, which was dried under vacuum at 45 C for 48 h, resulting in three powdery diblock MPEG-PCL polymers.
Acid-base titration test
To determine pH-sensitive range of the mixture of MPEG-PDEAEMA and MPEG-PCL, acid-base titration tests were performed as follows. 28 MPEG-PDEAEMA and MPEG-PCL were mixed in well-dened mass ratios, then the mixtures were dissolved at a concentration of 1 mg mL À1 in deionized water, and the pH value of the solution was adjusted to around 3.0 using an HCl solution. Then the solution was titrated with 0.1 mol L
À1
NaOH solution at increments of 100 mL. The pH values of the solution were monitored by an automatic titrator (Hanon T-860, Jinan, China) at room temperature.
Critical micellar concentration (CMC) measurement
The formation of mixed micelles self-assembled from MPEG-PDEAEMA and MPEG-PCL in an aqueous phase was conrmed by the uorescence technique using pyrene as the probe. The mixed polymers (weight ratio of MPEG-PDEAEMA to MPEG-PCL: 3 : 1) were rst dissolved in deionized water (pH 7.4) at the concentration of 0.1 mg mL À1 , then mixed with a pyrene solution (12 Â 10 À7 M) to obtain polymer concentrations ranging from 0.0005 to 0.1 mg mL À1 . The combined solutions were equilibrated at room temperature in the dark for 48 h before measurement. The uorescence excitation spectra of the polymer/pyrene solutions were used to determine the CMC values of the mixed polymers.
Particle sizes and zeta potentials of mixed micelles
Mixed polymeric micelles were prepared by the solvent evaporation method. 5 mg polymer (weight ratio of MPEG-PDEAEMA to MPEG-PCL: 3 : 1) was dissolved in 20 mL acetone, followed by the dropwise addition of the solution into 50 mL deionized water, and continuous stirring overnight to remove acetone to obtain a 0.1 mg mL À1 micelle solution. NaOH and HCl (0.1 M)
were used to adjust the solution pH value, and the particle sizes and zeta potentials of the mixed polymeric micelles at different pH values were measured by DLS.
Preparation of blank and DOX-loaded mixed micelles
Blank and DOX-loaded self-assembled micelles of the mixed polymers were prepared via the dialtration method. For the preparation of blank micelles, the mixed polymer (MPEG-PDEAEMA 15 mg and MPEG-PCL 5 mg) was dissolved in 20 mL DMSO with vigorous stirring for 12 h. Then the mixture was transferred to a dialysis bag (MWCO3500-4000) and dialyzed against 1 L deionized water for 24 h at room temperature. Finally the dialysate was ltered and lyophilized to obtain blank micelles in powder form. The DOX-loaded micelles were prepared using a similar procedure. DOX-HCl (10 mg) and the mixed polymers (MPEG-PDEAEMA 15 mg and MPEG-PCL 5 mg) were dissolved in 20 mL DMSO. Excess TEA (0.02 mL per 10 mg DOXHCl) was added to the solution to remove hydrochloride. Then the mixture was dialyzed and treated to obtain powdery DOX-loaded micelles similarly to the preparation of the blank micelles.
The DOX loading content (LC) and entrapment efficiency (EE) were adopted to evaluate the drug loading efficiency of the micelles, which were dened and calculated using the equations reported by Zhang et al. 29, 30 DOX-loaded micelles (1 mg) were dissolved in 10 mL DMSO under vigorous vortexing and were determined using a UV-2450 Shimadzu UV-vis spectrophotometer at 480 nm, where a calibration curve was obtained with DOX-DMSO solutions with different DOX concentrations.
In vitro release of DOX from mixed micelles
The in vitro drug release performance of the DOX-loaded micelles formed by the mixed polymer was evaluated by comparison of the cumulative drug release percent at pH 7.4 and 5.0 at 37 C (body temperature) using a Dissolution Tester (RCZ-8B, TDTF, China) and the cumulative drug release percent (E r ) calculation described in detail by Zhang et al. 29, 30 2.9. Dissipative particle dynamics (DPD) simulations
Coarse-grained simulations were performed by the DPD method to investigate the drug distribution of the drug-loaded mixed micelles, which was successfully applied in many other drug delivery systems. 31, 32 The polymers were divided into six types of beads: CL (green), MAA (methacrylate linked to ethylamine side chain, brown), DEA (amino ethyl side chain, pink), PEG (red), DOX (blue) and water (black). The interaction parameters were calculated by Discovery and Amorphous Cell at 298.15 K in Materials Studio 7.0 (Accelrys Inc., USA) according to our previous method. 30, 33, 34 A cubic simulation box of 30 Â 30 Â 30r c 3 with a periodic boundary condition was applied in all three directions. The integration time step was 0.05 ns and the simulation steps were 100 000.
Results and discussion
Synthesis and characterization of MPEG-PDEAEMA and MPEG-PCL polymers
The diblock pH-responsive amphiphilic polymer MPEG-PDEAEMA was synthesized by the bromination of MPEG-OH, following ARGET ATRP using DEAEMA as the monomer. The synthetic route is shown in Fig. 2 . First, the macroinitiator, MPEG-Br, was synthesized using MPEG-OH with 2-bromoisobutyryl bromide as the brominating agent and TEA as the acidbinding agent. Then the obtained MPEG-Br was using as the macroinitiator for the ARGET ATRP of DEAEMA with CuBr 2 as the catalyst, Sn(Oct) 2 as the reducing agent, and PMDETA as the ligand. The diblock polymer MPEG-PCL was synthesized by the ROP of 3-CL using MPEG-OH as the macroinitiator, 3-CL as the monomer and Sn(Oct) 2 as the catalyst. Three well-dened polymers of MPEG-PDEAEMA 20 , MPEG-PDEAEMA 35 and MPEG-PDEAEMA 50 were synthesized by altering the mole ratio of MPEG-Br and DEAEMA, as well as MPEG-PCL 40 , MPEG-PCL 60 and MPEG-PCL 80 by changing the mole ratio of MPEG-OH and 3-CL. The number average molecular weights (M n ) and dispersity indexes (M w /M n ) of these polymers were determined via GPC, and the results were shown in Table 1 and Fig. 3 . The measured M n,GPC values were very close to the M n,TH values calculated by the theory analysis from the feed ratio of monomers to initiator. The GPC trace curves of MPEG-PDEAEMA in Fig. 3(A) and MPEG-PCL in Fig. 3(B) exhibit a narrow unimodal distribution, which suggests well a controlled ARGET ATRP and ROP process. (k, m) ppm, 1.40 (l) ppm and 4.10 (n) ppm are the characteristic peaks of PCL. All the peaks corresponding to characteristic hydrogen atoms are labeled, which demonstrate that MPEG-PDEAEMA and MPEG-PCL were successfully synthesized and characterized.
pH-responsive ranges of the mixed polymers
The three mixed polymers discussed in this paper consist of MPEG-PDEAEMA and MPEG-PCL with similar molecular weights. In detail, MIX1 is composed of MPEG-PDEAEMA 20 and MPEG-PCL 40 , MIX2 is composed of MPEG-PDEAEMA 35 and MPEG-PCL 60 and MIX3 is composed of MPEG-PDEAEMA 50 and MPEG-PCL 80 .
The pH-responsive ranges of the mixed polymers were evaluated by acid-base titration, and their corresponding titration curves are shown in Fig. 5 . For each mixture, the effect of different mass ratios of MPEG-PDEAEMA and MPEG-PCL on their pH-responsive performance was determined. As expected, with the addition of NaOH solution, the pH value increased slowly and reached a plateau owing to the protonation or deprotonation of the pendant tertiary amine groups in DEAEMA when the pH was below or above the pK b of DEAEMA, respectively. As shown in Fig. 5 , the pH-responsive regions were all in the pH range of 5.8-7.8 for the three types of mixed polymers. However, the pH-responsiveness plateau feature upon the addition of NaOH is inuenced by the PDEAEMA segment length, as well as the mass ratio of MPEG-PDEAEMA to MPEG-PCL. The pH-responsive plateau for NaOH addition in Fig. 5(C) is wider than that in Fig. 5(B) , and Fig. 5 (B) wider than that in Fig. 5(A) , which demonstrate that the pH-responsive performance of MIX3 is superior to MIX2, and MIX2 superior to MIX1.
On the other hand, good pH-responsive properties were exhibited in aqueous solution when the mass ratios of MPEG-PCL to MPEG-PDEAEMA were 0 : 4 and 1 : 3, and fairly pHresponsive capability was obtained at a mass ratio 2 : 2, but at a mass ratio of 3 : 1, poor pH-responsive behavior was displayed. Herein, to prepare good pH-responsive micelles, the mass ratio of MPEG-PCL and MPEG-PDEAEMA in the mixed polymers was set at 1 : 3.
CMC values
The CMC value is one of the most important characters of amphiphilic polymers, which is related to the thermodynamically stability of drug-loaded micelles and affects the initial release of the drug when introduced into the bloodstream by intravenous administration. The CMC values of the three mixed polymers, MIX1, MIX2 and MIX3, with the mass ratio of MPEG-PCL and MPEG-PDEAEMA set at 1 : 3, were determined by orescence spectroscopy using pyrene as the probe, and the results are shown in Fig. 6 
Particle sizes and zeta potential of the blank mixed micelles
The particle sizes and zeta potentials of the blank mixed micelles formed by MIX1, MIX2 and MIX3 were detected by dynamic light scattering (DLS, Fig. 7 and 8, respectively). As shown in Fig. 7 , when the pH value decreased from 10.0 to 8.0, the particle sizes of the blank micelles were almost unchanged. This is because hardly any of the PDEAEMA block was protonated in this pH value range, which lead to the aggregation of the mixed polymers micelles in a compact structure and the formation of isolated nanoparticles. When the pH value decreased continuously from 7.0 to 5.0, the particle sizes of the micelles increased obviously because the tertiary amine groups of the PDEAEMA block were gradually protonated and the transformation of the polymer from hydrophobic to hydrophilic, resulting in a loose and swollen micellar structures. When the pH value decreased from 5.0 to 3.0, the particle sizes gradually decreased, which is attributed to the PDEAEMA block being fully protonated and becoming a hydrophilic polymer, which resulted in a decrease in the aggregation number of the mixed polymers or even slight dissociation of the micelles.
Comparing the particle sizes of the micelles formed by MIX1, MIX2 and MIX3, which formed large multimolecular micelles, it was found that a more prominent pH dependent change was achieved in MIX2 and MIX3, which indicates their better pHresponsiveness than MIX1. With respect to zeta potential, Fig. 8 displays that the zeta potentials of the blank mixed micelles depend on the pH value. As the pH value decreased from 10.0 to 8.0, the zeta potentials of the micelles remained almost constant. As the pH dropped sequentially from 7.0 to 5.0, the zeta potentials increased rapidly, which is attributed to the continuous protonation of the PDEAEMA block. As the pH decreased from 5.0 to 3.0, the zeta potentials decreased slightly. Briey, the zeta potentials of the micelles depended on the pH values, which exhibit almost the same tendency with the particle sizes, thus indicating that the micelles have pH-responsive self-assembly behavior.
Characterization of DOX-loaded mixed micelles
The particle sizes and polydispersity index (PDI) of the DOXloaded mixed micelles were detected by dynamic light scattering (DLS) and SEM, respectively. LC and EE were determined by UV-vis spectrophotometry. As shown in Table 2 , DOX-loading resulted in multimeric MIX1, MIX2, and MIX3 micelles with a hydrodynamic diameter D h of 213, 278 and 293 nm (by DLS) and dry particle size of 220, 250 and 280 nm (by SEM, Fig. 9 ), respectively. The DOX-loaded micelles formed by MIX3 showed bigger particle sizes compared to that of MIX1 and MIX owing to the increasing length of the PDEAEMA and PCL chains in the mixed polymers, where the longer hydrophobic chains aggregated into much bigger multimolecular micelles with larger particle sizes. Their PDI were all less than 0.4, which indicates a narrow unimodal distribution and good physical performance of the micelles.
We found that the LC and EE of the micelles formed by MIX1 were 26.79% and 63.19%, which are much higher than that of MIX2 (22.81% and 59.03%) and MIX3 (21.46% and 54.65%), respectively. Using the same concentrations as the actual experiment (volume fraction of mixed micelles 10%, DOX 5%, and water 85%), the DOX loading capacity and detailed DOX distribution of the mixed micelles were tracked in simulations, which predicted that DOX tended to distribute in the mixed inner core formed by hydrophobic PCL and pH-sensitive PDEAEMA chains owing to the hydrophobic interaction between DOX and PCL/PDEAEMA. As the PCL/PDEAEMA chains of the polymers increased in length, the capacity of DOX decreased, which is accord with the above experimental results (Fig. 10 ). This might be due to the fact that the proportion of hydrophilic PEG is relatively smaller and thinner when the amount of PCL/PDEAEMA chains increase but the same length of PEG chains is maintained, thus forming MIX3 with a loose shell and series of cracks which provide channels for the diffusion of DOX into the water solution even though it was encapsulated. Therefore, the capacity of the encapsulated DOX had to be reduced in order to make PEG hydrophilic enough to distribute in the micelle surface and provide a compact steric protective layer to maintain the stability of the micelles. Nevertheless, the drug LC and EE of the micelles formed by these three mixed micelles are still superior to many other pHresponsive micelles formed by single amphiphilic polymer systems.
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Briey, an excellent drug loading capacity is not only determined by the high drug loading capacity of the hydrophobic block, but also the protective effect of the hydrophilic shell. By ne-tuning and well controlling the proportion of hydrophilic and hydrophobic components, mixed micelles would provide some advantages for the design of micelles with expected drug loading capacities.
In vitro DOX release of DOX-loaded mixed micelles
To evaluate the effects of the pH-responsive behavior on controlled drug delivery, the in vitro DOX release performances of the DOX-loaded micelles formed by MIX1, MIX2 and MIX3 were determined under the physiological condition (pH 7.4) as well as in a slightly acidic environment (pH 5.0) (Fig. 11) . It was found that the DOX release rates of the micelles formed by MIX1, MIX2 and MIX3 were all pH-dependent, and their release rates were accelerated when the pH values decreased from 7.4 to 5.0.
At a pH of 7.4, only about 10% of DOX from the micelles formed by MIX2 and MIX3 was released in 12 h, then the release rate increased slowly and tended to remain constant, where about 15% of DOX was released in 24 h, which is less than 25% aer 96 h, which indicates that the micelles could remain stable at pH 7.4 and the drug was well protected with a low DOX release from the micelles in the blood circulation.
At pH 5.0, the DOX release rate was increased obviously since the protonation of the tertiary amine groups of PDEAEMA led to the swelling of the micelles. The cumulative release of the micelles formed by MIX2 and MIX3 was about 20% aer 6 h, around 40% aer 24 h, and nearly 90% aer 96, which demonstrate the excellent pH-responsive sensitivity of MIX2 and MIX3. However, the pH-responsiveness of MIX1 was slightly poor in comparison because of the fewer pH-responsive chains of PDEAEMA in the mixed micelles.
The semi-empirical equation established by Ritger and Peppas was used to explore the mechanism of drug release from the micelles (Fig. 12) . [37] [38] [39] The release of DOX was divided into two stages, the rst was from 0 to 10 h and the other from 10 to 96 h. The tting parameters, including the release exponent n, rate constant k, and correlation coefficient R 2 , are shown in Table 3 . Each stage displayed good linearity. The n values of MIX1, MIX2, and MIX3 obtained at pH 7.4 were lower than 0.43 in both stages due to the combined effect of diffusion and erosion control. When the pH decreased to 5.0, the n values of MIX1, MIX2, and MIX3 in the rst stage were still lower than 0.43, which corresponds to the combination of diffusion and erosion control. Since all the PDEAEMA was protonated aer 10 h, the micelles had swollen into a looser structure, and the DOX release was mainly controlled by an anomalous transport mechanism, with the n values of the second stage of MIX1, MIX2, and MIX3 being 0.48, 0.48 and 0.53, respectively. The k values at both stages increased as the pH decreased from 7.4 to 5.0, which suggest that the release rates accelerate at low pH, in accord with the in vitro release experiment results. Moreover, the k values of MIX3 were higher than that of MIX1 and MIX2 at To sum up, the drug release rates of DOX from the mixed micelles signicantly accelerated as the pH decreased and PDEAEMA content increased. Thus, the pH-responsive release proles of the mixed polymer micelles are clearly in agreement with the requirements of anticancer drug administration, providing slight leakage at normal tissues and accelerated release behavior at tumor cells (endosomal and lysosomal), which could be used as latent vehicles for the delivery of different types of hydrophobic drugs with controlled release behavior.
Conclusions
Well-dened MPEG-PDEAEMA and MPEG-PCL polymers were successfully synthesized and characterized via 1H NMR and GPC, and used to prepare pH-responsive mixed micelles for anticancer drug delivery. The drug LC and EE of the mixed micelles achieved were 26.79% and 63.19% (MIX1), 22.81% and 59.03% (MIX2), and 21.46% and 54.65% (MIX3), respectively, measured at a feed ratio of 10 mg DOX to 20 mg mixed polymer, which indicate that the mixed micelles developed in this paper might contribute to the improvement of the drug loading capacity of polymers. The drug release proles demonstrated that the swelling of PDEAEMA in the micelles at low pH accelerated the drug diffusion into aqueous solution. Overall, this study presents strategy idea of combining the functional advantages of two simple diblock polymers to optimize selfassembled polymeric micelles for cancer targeted therapy. 
